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A STUDY OF THE ELEOTHIOiUj PilOFEHTIES
OF ELEOTROLYTIO IRON AMD ITS ALLOYS.
I. INTRODUCTION
Some extensive experiments have been made in past
years to determine the effect on the electrical resistance of
iron of the addition of various alloying elements to the
iron, but the problem has been complicated by the fact that
elements other than the one whose effect was to be studied
have always been present as impurities, in varying amounts.
Consequently the variation of the added element could not
be accurately determined. Very pure iron has been produced
by electrolysis and due to the electric vacuum furnace it
has been possible to prevent the contamination of the iron
while it was being allajj^ed with other elements.
Purpose of the Investigation . The purpose of this investi-
gation is to study the electrical resistance of pure iron
and pure alloys of iron with other elements with a view to
finding alloys which, while not being much inferior to pure
iron magnetically, shall have an electrical resistance suf-
ficiently higher than pure iron to permit of its use in
electrical machinery subject to eddy current losses.
Previous Researches on the oubject. Probably the most ex-
tensive investigation on the subject of the electrical prop-

erties of iron alloys was laade by ^Barrett, Brown, and iiad-
field 1900 - 1902. Their standard iron rod vfas made from
Swedish Charcoal iron which had the following analysis;
,028 %
Si .070
S .005
P .004
Mn trace
re 99.39
99.997
It thus contains about 0.1^ impurities which is
quite pure for commercial iron. This standard rod was 104
cm. long and was accurately turned to an area of .1874 sq.
cm. which were the dimensions of nearly all of the speci-
mens. The specific resistance vc-as 10.44 microhms per c.c.
In spite of great care in the manufacture of their speci-
mens small amounts of carbon and manganese were always pres-
ent as impurities and made comparison between specimens
difficult. However they found that the rate of increase
of resistance resulting from adding a certain percentage
of an alloying element such as aluminiim, to iron was almost
the same as the rate obtained when an equal amount vras added
to composite alloys such as a chromium - aluminum - iron
*Journal of the Institute of Electrical Engineers, 31, 1901-2.

3alloy. By selecting specimens in which the impuriLies xere
fairly constant and which contained varj^ing amounts of the
element to be studied the results of the influence of such
element could be determined. Their results may "be summar-
ized as follows:
1. An increase of resistance is produced in all
cases where iron is alloyed with another metal. (Copper is
a possible exception.)
2. The increase of resistance produced by alloj'-ing
iron with another metal has no apparent relation to the re-
sistance of the alloying element.
3. Small quantities of Carbon produce a high rate
of increase in the resistance of iron.
4. The greatest increase of resistance for a given
percentage of the element added is produced by the first in-
crements added.
5. As the alloy becomes richer in the added element
the increase of resistance caused by the addition of one
per cent of that element becomes progressively less.
6. Resistance varies directljj^ as the specific heat.
7. In all cases annealing was found to diminish
the resistance.
In Table 1 will be found the approximate values of
the specific resistance of their various alloys for various
percentages of the added element.

Table 2 gives the increase in specific resistance
due to various percentages of the added element. This has
"been found "by taking the difference between alloys contain-
ing different percentages of the element in question, which
alloys having corresponding amounts of impurities present so
that the ch8.nge in the resistance of two alloys is due only,
or mostly, to the element being studied.
Table 3 is obtained by dividing the Zj) column of Ta
ble 2 by S thus giving the increase of resistance per 1 per
cent of added element in a 2 per cent alloy,
TABLE 1
.
APFROXII^TE VALUES 01 SFEGinO RESISTANCE OF
IRON ALLOYS AT Dli^TESENT FEHOENTAGSS OF THE ADDED ELE-
I'lENT NAMED IN J0LUM1\1 ONE.
^ , ,
Percentages of Added Element
Alloying iviaterial . . .
Tungsten
Nickel
Chromium
i/Ianganese
Silicon
Aluminum
1
^
2 % 3 % 4 6 %
15.5 16.5 17.2 18.0 18.5
19.0 21.0 23.0 25.0 27.0
24.0 26.5 29.0
23.5 28.0 31.0 34.0 39.0
46.0 53.5 69.0
27.0 38.0 48.0 57.0 74.0

5TABLE 2.*
INCREASE IN SPEOIIIC ilESISTANGE PSODUOSD IN IRON
OF CORRESPONDING PURITY BY ALLOYING IT mil VARIOUS
PERCENTAGES OP THS SLEICSNTS NAMED.
/\n«,v4^„ T,ff« + «^4«i Percentages of Added idaterialAlloying Material
^ ^
^
^
^ ^ ^
Tungsten 4.0 5.0 6.0
Nickel ?.0 9,0 13,0
Chromium 10.0 11.0 14.0
Manganese 15.0 18.0 24.5
Silicon 26.0 34.0 49,0
Aluminum 28,0 36.0 54.0
TABLE 3.*
Alloying Material Specific Reeist-^ ance per 1 %
Tungsten 2.0
Cobalt 3.0
Nickel 3.5
Chromium 5.0
Carbon 5.0
Manganese 8.0
Silicon 13.0
Aluminum 14.0
*¥. P. Barrett, Proc. Roy. Soc. 1902 Vol. 59, p. 430.
PER ONE PER
2 $ ALLOYS.
Specific Atomic
Heat Weight
.035 184
.107 59
.109 59
.1 (?) 52
.160 12
,122 55
.183 28
,212 27

M. Le Ohatelier* has determined the resistance of
a series of iron alloj'-s, and notwithstanding the fact that
he had but a small number of specimens and that his alloys
contained considerable amounts of impurities, he obtained
results which compared Vv-ell with those of Barrett, Brown,
and Hadfield, just given. He took the difference between
the values of resistance for the lowest and highest per-
centage alloys and divided this by the difference in per-
cantage of the two, to obtain the average increase of re-
sistance for one per cent increase of the alloying element.
His values are given below.
Silicon 14 microhms
Garbon 7 "
I\/[anganese 5 "
Hickel 3-7 "
Chromium, molybdenum and tungsten gave a very-
small increase.
Considering the experimental difficulties and the
methods he employed these results are remarkable.
Other investigators have done considerable work
on the resistance of various alloys but these will be con-
sidered later in connection with the results of this in-
vestigation.
*Comptes Rendus of Paris Academy , June 1898.

7II. OUTLINE OF THE INVESTIGATION.
Allos'^s and Alloying I^Laterials . The iron and iron alloj'-s
that have been studied in this experiment were made in the
Engineering Experiment Station of the university of Illi-
nois and are as follows: pure electrolytic iron, iron
carbon, and iron silicon alloys.
The iron used was doubly refined electrolytic iron,
produced from a very pure grade of Swedish Jharcoal iron by
first depositing on lead plates and then from the lead plates
to a second set of plates of steel or aluminum from which
the iron was stripped when a thickness of about 1/4 inch was
obtained.* The Swedish charcoal iron had the following
chemical composition: -
Silicon .032 $
Sulphur .0002 $
Carbon .153
Phosphorus none
Ivlanganese none
After being doubly deposited as above described
the composition was;
Silicon .01 $
Oarbon .006
*This process was developed by Dr. Burgess of Wisconsin,
(Iron and Steel I^oag, 8. p. 43, 1904) and was modified by Vj'atts
and Li. (American ^jlectrochemical Society, April 18, 1914.)

8Preparation of the Specimene . In order to prevent impuri-
ties entering the iron, the melting was performed in an Arsen
type vacuum furnace under high vacuum. The ingots after
coming from the furnace were heated in a coke fire and forged
into rods by a trip hammer, Ohemical analysis after forging
sho7;-ed that the iron had not received impurities during the
process.
The forged rods were next turned to the standard
size for test pieces, 30 to 36 cm, long and 1 cm, in diameter.
Annealing . The annealing was done partly in a resistance
furnace and partly in a vacuum furnace. All of the rods
except the silicon series, and rods 3-51, 3-52, 3-53, 3-54,
and 3-55, were annealed in a resistance furnace. They were
placed in an iron homt and surrounded with ground magnesia
moistened with alcohol. This treatment expelled the air
and prevented much oxidation. The rest of the rods were
annealed in vacuum in a hoskins reciSLance furnace, having
for a heating chamber a long fused quartz tube sealed and
connected to an air pump by means of which the air presvsure
was kept at a very Iojt value and oxidation thereby prevent-
ed. Two treatments were principally employed: 1. Heating
to 900*0 and cooling in 24 hours according to a straight
line law, 2. Heating to 1100°0 and cooling in 24 hours ac-
cording to a straight line law.

Temperatures were measured by a platinum - plat-
inum 10 fo rhodium thermo couple which was protected by a
fused quartz tube placed in contact with the rods.
Electrical Measurements . The measurements of electrical
resistance were made on a Thompson double bridge for all
specimens except the silicon series and rods 3-51, 3-52,
3-53, 3-54, and 3-55, These rods were measured on the Leeds
r
and North^p modification of the Thompson double bridge.
Jheck readings were made on the boron series both by the
r
Leeds and i^orthup instrument and the potentiometer and
standard cell method. Nearly all measurements agreed within
one per cent. The Thompson bridge readings were uniformly
•flower than those of the Leeds and Nortl^up bridge.
Measurements were taken on the rods as forged,
after annealing at 900 °0, and after axinealing at 1100 °C.
Considerable care had to be exercised in making measurements
of such low values as obtained in a rod the size of the
specimens. This size was necessary in order that they might
also be tested for magnetic properties. Contact resistance,
thermo - electric effects, and changes of temperature affect-
ed the readings considerably. Likewise the diameters of the
rods had to be carefully measured since the rods were not
perfectly round nor uniform in diameter. Jive readings of
diameter were taken at intervals along the rod and fine more
at right angles to the first, and an average was taken of all
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these for the mean diameter. All measurements are given
for EQoO.
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III. ilSSULTS.
Electrolytic Iron * Tiie series of electrolytic iron speci-
mens will first be considered. Table 4 gives the numbers
of the rods, chemical analj'-sis, and the specific electrical
resistance in microhms per c.c. The resistance is given for
the rods as forged, and for the different heat treatments.
The series marked "old rods" comprises 15 rode
which did not receive the 1100*^0 annealing. They are melted
in the vacuum furnace at a pressure of about ,5 cm. of
mercury and the resulting average carbon content is seen to
be .0130 $, The average resistance for the 900^0 annealing
is 10,03. The resistance measurements after annealing at
900^0 is in general, the most reliable all through this in-
vestigation for the following reasons. After forging the
rods are in a strained condition and annealing removes this
strain with a consequent lowering of resistance. After the
llOO^^J annealing the rods were in some cases badly oxidized
and reduced in area in various places, Consequently the mean
area is difficult to get accurately and the results are there-
fore less accurate.
Later in the experiment a better vacuum was obtained
and a new set of rods were melted at about .5 m.m. of press-
ure. The pressure is one of the important factors which de-
termine the carbon content of the iron while it is being
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TABLE 4.
SLEOTROLYTIO IRON
Resistance - microhms per c.c, ,
, , Treatment
Rod 1 ^ ^.arDon 900^200*^0 1100^200*^0
chein. analysis i.one
^4 ^^3^ 34 ^^^g^
Old Rods
3-30 .0090 9.94
3-31 .0120 9.93 10.03
3-34 .0090 10.28
3-36 .0150 10.28
0-0 r XU. CO
3-38 .0100 9.99
3-39 .0110 9,95
3-40 .0110 9.78 9.64
3-41 .0095 10.00 10.01
3-43 .0196 9.90 9.86
3-45 .0080 9.86 9.86
3-47 .0080 10.1 10.02
3-48 .0080 9.95
3-49 .0120 10.00
3-50 .0099 10.15
average .0130 10.03
New Rods
3-51 .023 10.13
3-52 .016 9.95
3-53 .007 9.94 9.88
3-54 9.90 9.85
3-55 9.92 9.82
average last three 9.92 9.85
9.9*
9.8*
10.0*
9.84
9.85
*Rod8 "badly oxidized
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melted in the vacuum furnace. These later rods are listed
under the title of "new rods". Ihe carbon content of 3-51
and 3-52 is rather high for some reason, altho the vacuum
seems to have "been good during the melting. The carbon con-
tent of 3-55 is lower and that of 3-54 and 3-55 seems to be
of the same order as is indicated by the close agreement of
their resistances.
The average of Lheee last three rods is 9,85 mi-
crohms. The annealing lowers the resistance a little less
than one per cent.
Carbon Alloys . It is well known that carbon increases the
resistance of iron very much. In fact when impurities are
kno7m to be fairly constant in a group of samples, the car-
bon content can be closely predicted by reference to the re-
sistance of the various members of the group and this is
oftimes used as a means of grading iron when chemical analy-
sis is not advisable, or possible, under the circumstances.
Three samples of carbon alloys were made, more for the pur-
pose, however, of ascertaining the worth of carbon as a re-
ducing agent for iron oxide in the vacuum furnace than for
determining its effect on resistance, consequently the al-
loys are only of low carbon content, the highest content be-
ing .131 $, The carbon was added in the form of graphite.
Table 5 and Slg, 1 show the results of these al-
loys. These have been plotted with values from Barrett,
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Brown, and Hadfield for comparison. They had 1.S4 carbon
for their highest alloy, xlod 02 with a slightly lower car-
bon content than CI has a higher resistance. It is not
known why this should be unless there is some error in the
chemical analysis. The values obtained agree fairly well
with those mentioned above, which, however, contained some
manganese and silicon which would increase the resistance
for low values of carbon but should make comparatively less
difference for the higher contents. Barrett, Brown and Had-
field found that for carbon contents from .03 "jo carbon up to
.14 $t the increase of resistance was at the rate of about 2
microhms per .1 $ of carbon added, while from ,14 $ to 1.24 $
the rate was 5 microhms per 1 $ of carbon added the average
rate being about 6.4.
TABLE 5.
IRON OASBON ALLOYS
, Treatment
Hod J" , 900'=-200'^0chem, analysis .Mone
^ ^
1 .013 10.2 10.25
G 2 .012 10.66 10.7
G 3 .181 12.74 12.65
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G-umlich also did some work on carbon alloys and
found the rate of increase in resistance for 1 'jo of carbon
added to be about 6 microhms.
Boron Alloys . The boron series comprises two sets of
rods. 1. Rods B 31 to B 44 where "boron suboxide flux" was
the alloying agent, 2. Sods B 45 to B 62 where "boron sub-
oxide" (pure) was the agent added. The boron suboxide, B7O.
contained about 83 % boron and the boron suboxide flux about
6 5^ of active boron. The results are shown in Table 6 and
fig. 2o Data are not given for the 900*^0 annealing because
this treatment consisted in heating the rods to temperatures
in the neighborhood of 900*^0 and cooling them in a few hours.
The 1100 *=0 data are probably more reliable. It is difficult
to see from the numerous scattered points, what effect small
additions of boron have on the resistance. An average curve
has been drawn. It seems that the first small additions of
boron do not give the greatest rate of increase as in the
case of carbon. The average rate of increase from j> to
,45 % boron content is about 4,4 microhms per 1 ^ of boron.
Silicon Alloys . In the silicon series the percentage of
silicon varies from .01 jo to 4.92 jt. Higher alloys were
attempted but they were so brittle that thej?- broke in the
lathe. Three different alloys containing between 2 % and
3 ^ of silicon were melted but in forging the3/ fell to pieces
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TABLE 6.
IRON BOHOi\[ ALLOYS
Resistance Microhms Der c,c.
in 24 hours
Boron Suboxide Flux
B 31 trace
B 32 II 9.9
B 33 ft 10.1
B 34 II 9.9
B 35 .02 9.95
B 36 .02 10.0
B 37 .07 10.0
B 38 .076 10.1
B 39 .086 9.97
B 40 .080 10.2
B 41 .095 10.4
B 42 .13 10.7
B 43 .250 10.55
B 44 .450 12.15
Boron Suboxide, pure
B 45 trace 10.38 10.0
B 46 It 10.98 10.95
B 47 11 10.17 9.90
B 48 ti 9.82 9.84
B 49 11 10.03 9.94
B 50 .02 9.98 10.0
B 51 .032 10.08 9.95
B 52 .039 10.22 10.14
B 53 .037 10.14 10.05
B 54 .041 10.22 10.16
B 55 .056 10.7 10.6
B 56 .08 10.45 10.34
B 57 .102 10.85 10.55
B 58 .180 11.00 11.05
B 59
,
trace 9.98 9.80
B 60 II 10.06 9.84
B 61 11 10.08 10.01
B 62 If 10.0 10.05
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beneath the hammer exhibiting enormous crystals. On referring
to Table 8 it is noted that rods S 19, and S 24 containing
£.55 'fo, and 2.57 $ of silicon respectively, broke during
their manufacture and S20 was defective. S 19 and S 30
collapsed into large crystals which did not adhere. It seems
as though it is impossible to forge ingots in this range.
Rod S 32 with 6.57 per cent -vras very brittle and broke in
turning.
The results are given in Tables 7 and 8 and in
Fig. 3. The curve is "well defined especially at low per-
centages. In silicon, is obtained the highest average in-
crease in resistance of the allo^ra thus far studied, being
11 microhms per 1 $ silicon.
Experiments on silicon alloys have been made by
^Burgess and Aston, and **Paglianti, These results are com-
pared in Table 7,
These results agree quite well considering that the
alloys of the other investigations contained a higher per-
centage of impurities than those used in this experiment.
Hence their values are higher for the low percentages of
silicon while at higher percentages the effect of the im-
purities is not so marked and the results are quite close.
"^Metallurgy and Jhemical Engineering, March 1910.
^*Metallurgie, April 1912.
c
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The effect of annealing "will "be seen from Table 8. Here
the difference in resistance seems independent of the silicon
content and is fairly constant at .1 microhms.
TABLE 7
.
SPEOIJIC RESISTANCE AT VAHIOUS
PEHGSKTAGES 01 SILIOON.
Specific Resistance - Microhms per c.c.
Percent
.5 1.0 £.0 5,0 4.0 5.0
16.6 23.0 35. 45.5 55.5 64.5 Prom this experiment
18. 24 35 46 56 65 Burgess and Alston
19.5 26 37 47 56 64 Faglianti
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TABLE 8.
IRON - SILICON ALLOYS
Resistance - Mj crohms per o.c.
Treatment
Rod J"
biiicon 900«>-£00°C 1100°-200*'Q
chem. analysis None
^^^^^ ^^^^^
u 068 10 8 10.75XV • 1 w 10 78XV . 1 O
s A 148 11 9 11 8X X • ^ 11 aX X a Q
Q
f 242 13 3 13 2 X O . *x "
» 309 14 3 14 2 14 4.*
g 9 -400 15-5X w • w 15-4 15 3X w ft W
1XV 47? 16 4X w « ^ 16 2X W ft W Ifi 57X U . <J f
1
1
• Oww 17 3X 1 • o 17 25X f ft ^ 4^ 17 ^
g 12 673 19 3 19-2 19 1X ^ ft X
a X W o9R 19 9 19 8X 47 ft W 19 fiX 7 ft
g 14.x** 822 21 5K^X » w 21 3K^X ft W 21 25i^X ft <^ \^
g X xJ 064 10 7X w 9 1 10-65X *%/ ft w 10 67X V>/ ft W f
g X \J 010 9.95 9 89 9 90
Q 1 7X 1 230 IT 76 11 64X X ft w ^ 11 64X X .
g X o 1 74.1X • 1 'xX 31 55 31 2V X ft M 31O X . V
g 19Mm W 2 55 Broke
g 20 2 75 ? Broke
g 21 .048 10.5 10. 5 10.
5
X W ft w
s 22 ,091 10.96 10.96 10.96
s 23 .205 12.55 12.5 12.5
s 24 2.57 Broke
s 25 3.40 48.5 48.5 48.5
s 26 2.13 40.0 40.0 39.8
s 27 2.73 42.0 41.8 42.0
s 28 4.44 57.5 57.7 57.4
s 29 4.92 65.2 ? 66.5 66.2
s 30 8.55 Broke
s 31 1.71 33.3 33.2 33.25
s 32 6.57 Broke
s 33 .432 15.2 15.2* 15.2*
s 34 .700 19.4 19.4* 19.5*
s 35 .193 12.5 13.0* 12.6*
s 36 3.55 51.0 51.5 48.5
s 37 4.39 58.5 59.3 56.5
*RodB badly oxidized
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IV. SmMARY AND CONCLUSIONS.
The specific resistance at various percentages of
the alloying elements are given in Table 10 ^hile the in-
crease in resistance is given in Table 11. Table 12 shoifrs
for va.rious percentages, the increase which "would occur for
1 additional per cent of the alloy added if the resistance
continued to increase at the same rate it has at that partic-
ular percentage in question.
The average rate of increase of resistance, from
the lowest to the highest percentages of alloj'-, per 1 per
cent of alloy added is given in Table 13. This is found by
dividing the total increase in resistance by the range of the
all03''s in percentages.
Table 14 is a tabulation of several alloying ele-
ments together with their respective atomic weights, specific
heats, and their specific resistances per one per cent of the
added element, for a two per cent allojr as given hj Barrett,
Brown, and Hadfield, and also the same for the alloys investi-
gated in this experiment, but for a one per cent alloy.
It will be noted that this tabulation is in the
ascending order of the specific resistances. According to
Barrett, * this arrangement should be such as to place the
specific heats also in ascending order. But it will be
*Page 3, section 6.

84
TABLE 10.
SPECmO RESISTMGE AT VARIOUS PER CENTS
OF ALLOYING ELEMENT.
Specific Resistance Mcrohm
-^^"^
.1 i .5 i 1 i B % Z % 4_
Boron 10.35 12.3
Carbon 12.0 14.5
Silicon 11.2 16.6
14.0*
16.8
23.0 35.0 45.5 55.5 64.5
TABLE 11.
INCREASE IN SPECIFIC RESISTANCE FOR VARIOUS
PER CENTS OF ALLOYING ELELEOT.
Alloy
Boron
Carbon
Silicon
Specific
.1 jo .5
:
.35
2.0
1.3
2.4
4.5
6.5
Resistance
1 'jo 2 %
4.0*
6.8
13 25
Microhms
3 jo 4 jo 5 jo
35.5 45.5 54.5
^By extrapolation
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TABLE 12.
RATE OF INOBEASE IN SPEGIPIG RESISTANCE PER
1 PER GENT OF ALLOYING ELEMENT AT VARIOUS
PER GENTS OF ALLOYING ELELIENT.
Rate of Increase - Microhms per 1 % of Alloy
^^'^y
.1 % .5 $ 1 $ 2 $ 3 % 4 $ 5 %
Boron 4. 4.5
Carbon 11. 5.* 4,4*
Silicon 14. 13. 12.5 11.5 10. 9.2 8.7
TABLE 13.
AVERAGE INCREASE IN SPECIFIC RESISTANCE FROM
L0Y7EST TO HIGHEST PERCENTAGE OF
ALLOYING ELEMENT.
All 03'
Boron
Carbon
Silicon
Average Increase per 1 ^ of
Alloying Element - Microhms
4.4
6,4*
11.
From curve Fig. 1.

TABLE 14.
INCREASE IN SPEOmC RESISTANCE PER ONE
PER CENT OE ALLOYING. ELEi/iENT.
Alloy
Atomic
Weight
Specific
Heat
^Increase of **Increaee o
Specific Specific
Resistance
per 1 fo
Resistance
per 1 $
Tungsten .134 .035 2.
Cobalt 59 .107 3.
Nickel 59 .109 3.5
Boron 11 .238 4.
OhromiuEi 52 .1 ? 5.
Carbon(graphite
)
12 .132 6.8
Manganese 55 .122 8.
Silicon 28 .183 13, 13.
Aluminum 27 .212 14.
*Erom Barrett. Brown and Hadfield for a 2 5^ alloy.
**Erom this experiment for a 1 ^ alloy - 4th column of
Table 11.
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noticed that in order to have the specific heat in ascending
order carbon will have to be interchanged with manganese and
boron •Thrill have to be moved to the bottom of the list to
f ollo'jj' aliiminum.
Carbon -would fall into its correct place if it did
not make such an abrupt bend at about .1 $ content, but boron
falls entirely out of the scheme. Silicon falls into its
proper place.
According to Barrett's scheme the specific resist-
ance should vary also inversely as the atomic weight due to
Dulong and Petit 's law concerning the relation between specif-
ic bests and atomic weights. This law states that the specific
heat of most elements is inversely as their atomic weight
when the atomic weight is above 30. However it will be noted
that boron, and carbon, and also silicon and aluminum have
atomic weights below 30 so that it need not be expected that
the atomic weight should necessarily follow the inverse
ratio. The principal point is that the specific resistances
of alloys do not follow in direct ratio, the specific heats
of their alloying elements.
The results of this investigation may be briefly
summarized as follows:
1. Carbon does not increase the resistance of its
alloys in proportion to its specific heat according to

,
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Barrett's la"w although it falls close to its proper place in
the sequence. It increases the resistance 6.8 microhms per
1 ^ of carbon for a 1 ;^ alloy. Small additions of carbon
increase the resistance verj'- rapidly but succeeding additions
have much less effect.
2. Boron does not increase the resistance of its
alloys in proportion to its specific heat. It increases the
resistance 4. microhms per 1 $ of boron for a 1 ^ alloy.
The first additions seem to have less effect than succeeding
additions
.
3. Silicon increases the resistance in proportion
to its specific heat. Its rate of increase per 1 $ silicon
for a 1 ^ alloy is 13 microhms. The first additions of
silicon are only slightly more effective in increasing the
resistance than succeeding additions.
4. Annealing has a very slight effect on the re-
sistance of these alloys and is independent of the percent-
age of the alloying element. Annealing decreases the re-
sistance of silicon alloys 0.1 microhms and that of electro-
lytic iron about 1 per cent.
Of the three alloys of electrolytic iron studied
in this investigation boron has the least effect on electri-
cal resistance. It does not have a good effect on the mag-
netic properties and these two facts insure that boron alloys
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have little use in the electrical industry.
Carbon while giving a fair increase in electrical
resistance does not promote good magnetic qualities.
Silicon produces a large rate of increase in elec-
trical resistance which is approximately proportional to the
percentage content and in addition its alloys have excellent
magnetic properties. However there are a few difficulties
involved, in that not all the good properties occur at the
same silicon content. Good magnetic properties obtain for a
0.2 % alloy but the resistance at this point is only about
12,5 ffiichrohms, entirely too low for use where eddy currents
are induced and the mechanical strength is here also low.
If the silicon is increased to give a resistance of 35 to
40 microhms it will be seen from fig. 3 that the alloy is
then in the region of 2.5 $ silicon where crystallization
occurrs during forging. Besides the magnetic properties
are here comparatively low. Passing over to the region be-
tween 3 $ and 5 5^ is the 4 jo commercial iron which is used
for transformers but which is high enough in silicon to in-
crease rapidly in brittleness which makes the iron unfit for
service where it is subject to shock and vibration. It is
probable that the 2 $ alloy contains the best qualities for
all purposes and it may be that some process can be found to
forge the 2.5 $ alloy without producing the destructive
crystallation in which case an alloy would be obtained with
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moderate, resistance and mechanical strength and good mag-
netic qualities.
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